Abstract: Short-chain monocarboxylic acids (SCMAs) (C2-C5) formed in the process of aerobic biodegradation of larger organic molecules should often be monitored to optimize wastewater biological treatment and study the processes of converting organic waste matter into methane, etc. Gas chromatography (GC) seems a method of choice for such a task. Majority of samples require clean up before they can be injected into GC system. In this work a special refluxing apparatus is applied to concentrate and clean up the troublesome environment samples before injection into GC. To optimize separation of SCMAs in aqueous sample a special arrangement of two capillary columns, of very different polarity was used. The operational parameters of sample preparation were optimized and enrichment factors determined. The procedure developed was applied to determine SCMAs in troublesome aqueous and solid samples of wastewater treatment origin.
the environment and effect of treatment plants on the quality of environment. The total SCMAs content is often determined by titration of wastewater distillates [3] [4] [5] or often original samples. High detection limits (> 36 mg dm -3 ) and the fact that each acid can have different effect on treatment processes and on water quality deterioration have been the reasons to develop analytical methods of individual acids determination [6] . Gas chromatography is a method of choice for such an analytical task. Always the simplest approach is to introduce the original sample to the instrument, in this case into a gas chromatograph. However, this can be employed only if an aqueous sample is sufficiently clean and separation and detection systems are compatible with water and concentration is above the detection limit. Critical is the selection of the separation system.
Polyethylene glycol (PEG) [7] [8] [9] [10] [11] , generally treated with nitroterephthalic acid [1, [12] [13] [14] [15] to deactivate alkaline sites, is most often used as a stationary phase for separation of short-chain fatty acids. Other polar stationary phases were also applied to analyse water samples; for example polybiscyanopropyl (90%) -cyanopropylphenylsiloxane (10%) stationary phase to determine acids extracted from plants [16] . Zygmunt and Banel [17] obtained good separation of acids with 2-4 carbon atoms in a molecule using a polycyanopropyl (6%) -dimethyl (94%) polysiloxane stationary phase. When converted to derivatives, SCMAs can be separated on a wider spectrum of capillary columns. For instance, Pan and Pawliszyn [18, 19] used a capillary column coated with polydimethylsiloxane (95%) -diphenylsiloxane (5%) and achieved good results for free fatty acids and their derivatives obtained by treatment with pyrenyldiazomethane (PDAM), 1-pafluorphenyldiazoethane (PFPDE) or pentafluorbenzyl bromide (PFBB).
Especially useful for separation of polar compounds in aqueous samples are solid organic polymers such as polydivinylbenzene (DVB), immobilized on a column wall. This PLOT column provides good selectivity and is thermally stable and resistant to many chemicals. The application of slightly polar as well as non-polar stationary phases in the determination of SCMAs in water causes some problems. A column coated with trifluorpropylpolysiloxane was used for the separation of short-chain fatty acids in an aqueous distillery effluent. Good quantitative results due to application of special statistical data treatment were achieved [20] . The obstacles to apply the approach are: low concentration and complexity of a matrix which make it necessary to include an enrichment and isolation step in the analythical procedure [20] .
Many isolation and enrichment techniques have been applied to solve the problem. Distillation based determination of SCMAs has appeared to have low thermal degradation potential [21] . Another variety is nitrogen purge and steam distillation (NPSD) [22] , which, in general, is applied in the case of samples with a very complex matrices. The combination of simple and steam distillation, and also nitrogen purge and steam distillation (NPSD) [22] were applied for very complex samples.
The distillate is sufficiently clean to be injected directly into GC for determination of individual acids. To improve the quality of the results a special variety of distillation was applied.
The aim of this study was to develop a method of SCMAs determination in aqueous and possibly solid samples with very complex matrices using distillation based sample clean-up and GC with in-series connected columns to separate SCMAs.
Experimental Chemicals and solutions
C2-C5 monocarboxylic acids were purchased from Fluka (Switzerland), methanol was from Merck (Germany) and 95% sulphuric acid was from POCh (Poland). High purity water was acquired by using a Millipore QPLUS 185. Standard aqueous samples were made by spiking organic free water with the standard solution of SCMAs in methanol; the solution was prepared by dissolving weighed amounts of analytes in methanol. 2-ethylbutanoic acid was a surrogated standard and was added to samples before analysis to correct for possible differences in injection volumes.
Real samples
Aqueous samples. Municipal wastewater was sampled into 0.5 dm 3 high-density--polyethylene (HDPE) bottles (Kautex) at wastewater treatment plant; it was wastewater leaving grating and treated wastewater discharged to a receiver.
Before use the bottles were carefully cleaned up, rinsed with reverse osmosis purified water (MilliQ A10 Gradient/Elix System, Millipore; Bedford, MA, USA) and then twice with the sampled medium. The bottles were filled up to the brim, transported to the lab in ice-cooled boxes (within 4 h), and then acidified and stored at 4°C.
Solid samples. The real solid samples analyzed were digested sewage sludge and compost, which were collected from deep layers, because SCMAs compounds could have evaporated from surface layer due to their high volatility. All samples were collected into 0.5 dm 3 HDPE bottles with a shovel. Samples were transported and stored in the same way as water samples.
Distillation
Standard and real samples were subjected to a sort of fractional distillation using a custom made apparatus similar to that proposed by Peters [23] . The apparatus is composed of a 1 dm 3 distillation flask placed in a heating mantle, a short rectifying column and a reflux condenser with a small volume chamber where the condensate collects. When the chamber is filled up, the condensate overflows and the chamber is refilled with a fresh distillate. The condensate can be sampled during distillation process with a microsyringe by piercing a syringe needle through a septum closing the chamber.
A 250 cm 3 standard or real aqueous sample was poured out into a 1 dm 3 round-bottom flask, acidified to pH 2 with sulphuric acid, salted out by adding 95 g NaCl and then an internal standard in methanol was introduced. The content was refluxed for 65 min and then 2 mm 3 distillate aliquots were taken from the chamber and injected to a GC injection port for analysis. The concentrations were calculated by comparing the sample chromatogram with the chromatogram of standard solution processed in the same way. The final analytical procedure is schematically presented in Figure 1 .
GC-FID instrumentation and analysis
A GC Carlo Erba Instruments gas chromatograph equipped with a split/splitless injector and a flame ionization detector (FID) was used to separate and quantify SCMAs. 
Results and discussion

Selection of distillation parameters
Developing an analytical procedure for SCMAs in aqueous samples included optimization quite a few parameters mainly those connected with sample preparation.
Time and sample volume
The time of distillation should be the shortest time after which the area of peaks of interest no more increases. To select this parameter, a concentrate was sampled from the concentrate chamber and subjected to GC analysis. When no further increase, within an experimental error, in peak areas was observed it was assumed that steady state was achieved. That time was found to be similar for all the studied acids and no longer than 60 min for majority of analyte acids and sample volumes in the range of 250÷750 cm 3 . However, the highest constant analyte concentration in the condensate was found for 95 min at a sample volume of 250 cm 3 .
Salt addition
Salt addition (sodium chloride) studied in the amount from 0 to 95 g to 250 cm 3 of the aqueous solution had a positive effect on SCMA content in the condensate (Fig. 2) .
Distillation cleanup preceded GC determination of short-chain monocarboxylic acids in aqueous … 427 At 95 g NaCl per 250 cm 3 aqueous SCMAs solution the increase in an enrichment factor (EF) defined as a ratio of the concentration of a given acid in a condensate to its concentration in a sample, ranged from 2.1 fold for 3-methylbutanoic acid and to 5.0 fold for butanoic acid.
Salt addition also decreased the time of reaching steady state from 95 to 65 min (Fig. 3) . For the fixed distillation conditions approximate enrichment factors of SCMAs in the presence and absence of salt are given in Table 1 . With no salt presence the enrichment factor for ethanoic acid was below 1 (dilution not enrichment) while it was above 1.0 (enrichment) at a salt concentration of 380 g dm -3 . Also repeatability of the results was better -coefficients of variation (CV) were not exceeding 8%. 
Determination of validation parameters
Linearity and precision
Quantitative interpretation of chromatograms of real samples was based on a method of external standard. Standard working solutions of SCMAs ranging in concentration from 0.1 to 50 mg dm -3 were prepared by spiking organic free water with the standard solutions of SCMAs in methanol at concentrations of 75000 and 5000 mg dm -3 . 2-ethylbutanoic acid was added to working solutions and samples in order to correct for the differences in the injected volumes.
The linear regression was used to describe the response-concentration dependence. The best fittings were observed when the concentration range was divided into two segments depending on the acid; first for the concentrations close to LODs. The regression coefficients were never lower than 0.9843 and the coefficients of variation (CV) were below 9%.
Limits of detection and quantitation
Taking into account enrichment factors presented in Table 1 , the detection limits of whole analytical process could have been assessed (Table 2) . Detection limits were calculated from calibration functions [25] using equation:
where S is the residual standard deviation of calibration function and b is the slope of the corresponding linear function.
The quantitation limits (LOQ) defined as 3 LOD were acid dependent and ranged from 1.8 to 12 µg dm -3 for aqueous standard samples.
Real samples
The procedure developed was applied to determine SCMAs in samples with a very complex matrix such as compost pile leachate, municipal wastewater, sewage sludge and compost. The concentration of free short-chain monocarboxylic acids in aqueous samples of raw sewage ranged from 4.0 mg dm -3 (pentanoic acid) to 96 mg dm -3 (ethanoic acid), whereas in samples of treated wastewater were below LOQ. In samples of leachate, concentrations of SCMAs ranged from 1.26 mg dm -3 (3-methylbutanoic acid) to 668 mg dm -3 (ethanoic acid). Within the studies the applicability of this procedure was also examined for the determination of SCMAs in solid samples, eg compost piles and sewage sludge, by mixing them with water and subjected the mixture to distillation process. As seen from Figure 4 the fresh compost pile contains many volatile organic compounds including SCMAs. Sewage sludge was relatively poor in SCMAs -concentrations ranged from 1.37 mg dm -3 (3-methylbutanoic acid) to 28.5 mg dm -3 (ethanoic acid) and 5.27 mg dm -3 (pentanoic acid) to 847 mg dm -3 (ethanoic acid) for compost pile and sewage sludge, respectively. In all the samples, ethanoic and propanoic acids were dominant. 
Conclusions
Short-chain monocarboxylic acids when present in aqueous samples can be well separated applying the separation system composed of SUPEROX FA II (Bio-Rad) /polyethylene glycol/, deactivated capillary, Restek Rtx-1 /dimethyl polysiloxane/ and guard column.
If the samples have a very complex matrix with some interfering compounds the samples can be satisfactorily cleaned-up using a distillation based apparatus. Enrichment factors can be increased by special modification of sample matrix. The detection limits ranged from 0.59 to 3.9 µg dm -3 depending on acid. The procedure can also be applied to some solids as sewage sludge after mixing it with water. The procedure can successfully be applied to analyse water for the content of SCMAs.
